The Beaufort Gyre (BG) and the Bering Strait inflow (BSI) are important elements of 21 the Arctic Ocean circulation system and major controls on the distribution of Arctic sea 22 ice. We report records of the quartz/feldspar and chlorite/illite ratios in two sediment 23 cores from the northern Chukchi Sea providing insights into the long-term dynamics of 24 Clim. Past Discuss., doi:10.5194/cp-2016Discuss., doi:10.5194/cp- -105, 2016 Manuscript under review for journal Clim. Past insolation. We suppose that the BG rotation weakened as a result of increasing stability 28 of sea-ice cover at the margins of the Canada Basin, driven by decreasing insolation. 29
Spatial variation in mineral composition of surficial sediments along the western 143
Arctic margin has been investigated in a number of studies using different 144 methodological approaches but showing an overall consistent picture (e.g., Naidu et al., American margin to the Chukchi Sea and further to the East Siberian Sea. This zonal 154 gradient of the Q/F ratio suggests that quartz-rich but feldspar-depleted sediments are 155 derived from the North American margin by the BG circulation, whereas feldspar-rich 156 sediments are delivered to the Chukchi Sea from the Siberian margin by currents along 157 the East Siberian slope. Thus, this ratio can be used as a provenance index for the BG 158 circulation reflecting changes in its intensity in sediment-core records. 159 Kobayashi et al. (2016) also indicate that both the (chlorite + kaolinite)/illite and 160 chlorite/illite ratios (CK/I and C/I ratios, respectively) are higher in the Bering Sea and 161 decrease northward throughout the Chukchi Sea, reflecting the diminishing strength of 162 the BSI (Fig. 2) . These results are consistent with earlier studies showing that illite is a 163 common clay mineral in Arctic sediments (Kalinenko, 
2014; Kobayashi et al., 2016). Chlorite occurs abundantly near the Bering Sea coasts of 167
Alaska, Canada, and the Aleutian Islands (Griffin and Goldberg, 1963) . The 168 chlorite/illite ratio is higher in the bed load of rivers and deltaic sediments from 169 southwestern Alaska than from northern Alaska and East Siberia, reflecting differences 170 in the geology of the drainage basins (Naidu and Mowatt, 1983) . Because chlorite 171 grains are more mobile than illite grains under conditions of intense hydrodynamic 172 activity, chlorite grains are transported a long distance from the northern Bering Sea to 173 the Chukchi Sea via the Bering Strait (Kalinenko, 2001 ). In the surface sediments of the 174
Chukchi Sea, the CK/I ratio shows a good correlation with the C/I ratio, indicating that 175 both ratios can be used as a provenance index for the BSI (Kobayashi et al., 2016) . shells from core 01A-GC (Table 1) Beaufort Sea (Fig. 1) to fill the gaps in the dataset of Kobayashi et al. (2016) . These 214 were obtained during the RV Araon cruises in 2013 and 2014 (ARA04C and ARA05C, 215 respectively; supplementary table 1). 216
Bulk mineral composition was analyzed on MX-Labo X-ray diffractometer (XRD) 217 equipped with a CuKα tube and monochromator. The used tube voltage and current 218
were 40 kV and 20 mA, respectively. Scanning speed was 4°2θ/min and the data 219 sampling step was 0.02°2θ. Each powdered sample was mounted on a glass holder with 220 a random orientation and X-rayed from 2 to 40°2θ. In this study, the 221 background-corrected diagnostic peak intensity was used for evaluating the abundance 222 of each mineral. The relative XRD intensities of quartz at 26.6°2θ (d = 3.4 Å), and 223 feldspar including both plagioclase and K-feldspar at 27.7°2θ (d = 3.2 Å) were 224 determined using MacDiff software (Petschick, 2000) based on the peak identification 225 protocols of Biscaye (1965) . The standard error of duplicate analyses in all samples 226 averaged 1.1 for Q/F ratio. 227
Clay minerals (less than 2-µm diameter) in core 01A-GC were separated by the 228 settling method based on the Stokes' law (Müller, 1967) . To produce an oriented powder 229 X-ray diffractometry (XRD) sample, the collected clay suspensions were 230 vacuum-filtered onto 0.45-µm nitrocellulose filters and dried. Ethylene glycol (50 µl) 231 was then soaked onto the oriented clay on the filters. Glycolated sample filters were 232 stored in an oven at 70°C for four hours and then immediately subjected to XRD 233 analyses. Analysis of clay mineral composition was conducted using a MAC Science 234 MX-Labo XRD equipped with a CuKα tube and monochromator. Each sample filter was 235 placed directly on a glass slide and X-rayed with a tube voltage of 40 kV and current of 236 20 mA. Scanning speed was 0.5°2θ/min and the data-sampling step was 0.02°2θ from 2 237 to 15°2θ. An additional precise scan with a scanning speed of 0.2°2θ/min and sampling 238 step of 0.01°2θ from 24 to 27°2θ was conducted to distinguish chlorite from kaolinite by 239 evaluation of the peaks around 25.1°2θ (Elvelhøi and Rønningsland, 1978) . In this study, 240 the background-corrected diagnostic peak intensity was used for evaluation of the 241 abundance of each mineral. The relative XRD intensities of illite including mica at Spectral analysis of the downcore Q/F variability was performed using the maximum 251 entropy method provided in the Analyseries software package (Paillard et al., 1996) . 252 253
Results 254

Surface sediments of the Beaufort Sea 255
Because the dataset of Kobayashi et al. (2016) has only one sample in the eastern 256
Beaufort Sea, we added the data of 16 samples from the eastern Beaufort Sea near 257
Mackenzie delta and 3 samples from the western Beaufort Sea to fill the gaps in their 258 dataset. The new combined dataset clearly shows that the surface sediments in the 259 eastern Beaufort Sea have the higher Q/F and lower CK/I and C/I ratios ( Fig. 2A-C eastern Beaufort Sea to the East Siberian Sea and its offshore area (Fig. 2D) . The CK/I 262 and C/I ratios showed a northward decreasing trend in the Chukchi Sea and the Chukchi 263 Borderland (Fig. 2E) . These trends support the conclusion of Kobayashi et al. (2016) 264 mentioning that the Q/F ratio can be used as a provenance index for the BG circulation 265 reflecting a westward decrease in its intensity, and the CK/I and C/I ratios can be used 266 as a provenance index for the BSI reflecting a northward decrease in its intensity. The 267 provenance and transportation of these detrital minerals are discussed in detail in Naidu 268 The Q/F ratio in both cores 01A-GC and 05JPC/TC shows a gradual long-term 277 decrease throughout the Holocene (Figs. 3A and 4A; Supplementary tables 2 and 3). In 278 core 01A-GC studied in more detail, the Q/F ratio also indicates millennial-to 279 century-scale variability with identifiable maxima at ca. 9.1, 8.1, 7.1, 6.0, 4.6, 2.2 and 280 0.9 ka, and minima at ca. 8.3, 7.6, 6.8, 5.0, 2.9, 1.7 and 0.3 ka (Fig. 3A) . In core 281 05JPC/TC, the milllennial-scale variability is unclear because of lower age resolution 282 provided by samples under study (Fig. 4A) . 283
In core 01A-GC, both the CK/I and C/I ratios show a similar downcore pattern with 284 millennial and multi-centennial variations ( Fig. 3A; Supplementary table 2 show a general increase of the BSI after ca. 9.5 ka with the highest values occurring 286 between 6 and 4 ka, and high ratios around 2.5 ka and 1 ka (Fig. 3A) . In core 05JPC/TC 287 higher ratios also occur in the middle Holocene, but no significant long-term trend can 288 be recognized, presumably because of relatively low age resolution ( Fig. 4B ; 289 Supplementary table 3) . 290 291
Discussion 292
Holocene trend in the Beaufort Gyre circulation 293
A consistent decrease in the Q/F ratio in both cores under study ( AO tended to be mostly negative from 4.2 to 2.0 ka based on a redox proxy record from 324 a Greenland lake. In order to comprehend these patterns, we need to consider not only 325 the atmospheric circulation, but also sea-ice conditions. Based on the Q/F record in this 326 study, summer Arctic sea-ice cover shrank in the early to middle Holocene, so that fast 327 ice containing West Siberian grains could less effectively reach the Canada Basin 328 because sea ice would have melted on the way to the BG. Later in the Holocene the ice 329 cover expanded, and West Siberian fast ice could survive and be incorporated into the 330 BG. We infer, therefore, that sediment transportation in the BG is principally governed 331 by the distribution of summer sea ice and the resultant stability of the ice cover in the 332 Canada Basin. 
Millennial variability in the BG circulation 335
In addition to the decreasing long-term trend, the Q/F ratio in 01A-GC clearly 336 displays millennial-to century-scale variability (Fig. 5b) 
Holocene changes in the Bering Strait Inflow 359
Implications from mineral composition of the Holocene records 360
The higher CK/I and C/I ratios in core 01A-GC in the middle Holocene correspond to 361 higher linear sedimentation rates estimated by interpolation between 14 C dating points 362 (Fig. 3C) . We assume that these higher sedimentation rates indicate intensified BSI, 363 because fine sediment in the study area is mostly transported by currents from the 364 is especially high in the middle Holocene between ca. 4 and 6 ka (Fig. 4D ). This pattern 369 is similar to the CK/I and C/I distributions in 01A-GC (Fig. 3B) suggesting that the BSI 370 was overall intensified in the middle Holocene. On the other hand, core 01A-GC also 371
shows high CK/I and C/I ratios at ~7, 2.5, and 1 ka (Fig. 3B) , which are not reproduced 372 in chlorite + muscovite content in core HLY0501-06JPC. This discrepancy between 373 01A-GC and 06JPC chlorite records may be related to either methodological differences 374 Based on paleoceanographic proxy data from the Holocene records, we propose the 527 following mechanism. In the middle Holocene, the stronger Icelandic Low drove the 528
North Atlantic SPG circulation with a high influx of saline water from the lower 529 latitudes (Fig. 10) . At the same time, the weaker Aleutian Low enhanced the BSI, which 530 North Atlantic Current became more saline during enhanced Arctic freshwater flux to 537 the subpolar North Atlantic in the middle Holocene, suggesting a negative feedback 538 mechanism. Our data suggests that the Arctic freshwater flux was enhanced due to the 539 intense influx of fresher Pacific water in the middle Holocene, combined with an 540 inferred increase in Arctic precipitation. In the late Holocene, the weaker Icelandic Low 541 and the stronger Aleutian Low caused lower fluxes of both the saline water and 542 freshwater to the North Atlantic (Fig. 10) . This mechanism muted salinity change and 543 thereby stabilized the AMOC in the Holocene. 544
The compensational mechanism proposed above could not have fully operated during 545 glacial periods because the Bering Strait was closed at low sea levels. This condition 546 allowed much higher-amplitude fluctuations in the AMOC and climate than in the 547
Holocene (e.g., Dansgaard et al., 1993; Böhm et al., 2014). Overall, our study identifies 548 
Conclusions 552
The sedimentary proxy-based reconstruction of the BG weakening during the 553 Holocene, likely driven by the orbitally-controlled summer insolation decrease, 554
indicates basin-wide changes in the Arctic current system and suggests that the stability 555 of sea ice is a key factor regulating the Arctic Ocean circulation on the long-term (e.g., 556 millennial) time scales. This conclusion helps to better understand a dramatic change in 557 the BG circulation during the last decade, probably caused by sea-ice retreat along the 558 margin of the Canada Basin and a more efficient transfer of the wind momentum to the 559 ice and underlying waters (Shimada et al., 2006) . These results suggest that the rotation 560 of the BG is likely to be further accelerated by the projected future retreat of summer 561
Arctic sea ice. 562
Our results on clay-mineral ratios quantifying inputs of chlorite from the Bering Sea 563 to sediments at the northern Chukchi margin provide a robust record of the strength of 564 the BSI during the Holocene. We conclude that BSI variability after the establishment 565 of the full interglacial sea level was primarily controlled by the Bering Sea pressure 566 system (strength and position of the Aleutian Low). Details of this mechanism, as well 567 as contributions from other potential BSI controls, such as climatically-driven 568 
